The wind tunnel test is one of the most useful measures in order to clarify the characteristics of aerodynamic noise generated by high speed trains. The Railway Technical Research Institute constructed a small-scale wind tunnel at Kokubunji, Tokyo in 1993, and a large-scale lownoise wind tunnel at Maibara (Maibara Wind Tunnel) in 1996. By using these facilities, we have repeated experiments concerned with the noise generated by high speed trains, the results of which are utilized for the localization of the noise source and the reduction of aerodynamic noise. However, we can not say that the aerodynamic noise can be estimated quantitatively with sufficient precision by means of wind tunnel tests. There are two main problems for the quantitative estimation; one is a fluid dynamical problem and the other an acoustical problem.
The fluid dynamical similarity between the flow of field tests and that of wind tunnel tests does not hold in general because of the difference of Reynolds number, thickness of boundary layer, ground effects and other factors. Thus it is necessary to judge whether the differences of the flow affect the generation of the aerodynamic noise seriously. Furthermore, there remains an acoustical problem even if the flow is perfectly simulated. When we measure the sound pressure level of the total aerodynamic noise generated by a scaled model with an omnidirectional microphone, the sound pressure level in the corresponding field test can be estimated by using the acoustical similarity law. However, we often use a directional microphone system in order to measure the aerodynamic noise generated by a localized portion of the model. In this case, there is much vagueness in converting the wind tunnel tests data to the corresponding field tests data, which is attributed to the ambiguity of the characteristics of the measuring device and noise sources.
In this paper, we assume that the flow is perfectly simulated and concentrate on the acoustical problem of wind tunnel tests. We choose an acoustic mirror, which consists of an omni-directive microphone and a reflector, as a measuring device. In Chapter 2, the principle of the acoustic mirror is discussed and the specification of the apparatus is decided theoretically. In Chapter 3, the characteristics of the acoustic mirror are confirmed experimentally. In Chapter 4, a method of estimating the aerodynamic noise generated by each part of models quantitatively is proposed on the basis of wind tunnel test data. Figure 1 shows the layout and the coordinate system of a noise source, omni-directive microphone and mirror. Here S and S´ denote the front and back surfaces of the mirror; P ( r r r r r ) denotes the pressure field on this configuration; P i ( r r r r r ) denotes the pressure field of free space; r r r r r m is the position of the microphone; and r r r r r is a point on the mirror surface. The normal n n n n n 0 directs to the medium. When the Green's theorem is applied, the pressure at the microphone position P (r r r r r m ) is obtained by Equation (1) . Here G is the free space Green's function given by G(r r r r r m , r r r r r)=exp(ikR m )/(4πR m ), where k=2π f /c 0 is the wave number; f is the frequency of sound; c 0 is the speed of sound and R m =|r r r r r -r r r r r m | is the distance between the microphone and the mirror surface. The unknown pressure field P ( r r r r r) is approximated by 2P i ( r r r r r) on the front surface S and by 0 on the back surface S´, if the wavelength is sufficiently smaller than the diameter of the mirror. In this frequency range, the incident field term P i (r r r r r m ) can also be ignored. With these approximations, Equation (1) is replaced by Equation (2). (2) If the noise source is a monopole type point source whose amplitude of the mass-flux rate is m, Equation (2) is reduced to Equation (3).
Here r r r r r s is the position of the sound source and R s =|r r r r r-r r r r r s | is the distance between the sound source and the mirror surface. All calculations shown in this paper are based on Equation (3) .
If the mirror is moved parallel to the x-axis, the variance of the sound pass length R m +R s due to the position r r r r r increases with |x|, and thus the microphone signal drops off due to interference (see Fig. 2 , which we call the "diffraction pattern"). The ratio of the peak level to the free field level at the microphone is referred to as the "gain factor." The spatial resolution of the mirror is characterized by the displacement of the mirror position at which the microphone signal drops off by a given relative amount, such as 10 dB, which we call the "resolution width." A narrower resolution width and higher gain factor are desirable in order to obtain a detailed sound source map. We use the diffraction pattern, gain factor and resolution width as the indices which denote the capacity of an acoustic mirror. In the Maibara Wind Tunnel, an acoustic mirror with a paraboloidal shape whose diameter is 1 m (which we call the "paraboloidal apparatus") had been mainly used so far. This apparatus is designed on the assumption that the incident sound wave is a plane wave 2) . However, the incident sound wave is a spherical wave rather than a plane wave in wind tunnel tests because the apparatus is set near the noise sources. Thus a portion of an ellipsoid of revolution is chosen as the shape of a newly developed acoustic mirror and a 1/4" condenser microphone is installed at the near focus with its membrane facing the mirror surface. If a noise source is set on the far focus (see Fig. 3 ), the sound pass length R m +R s is constant for all points on the surface S and a high gain factor and narrow resolution width are obtained as a result.
Next we decide the geometry of the mirror, which is defined uniquely if the focal distance 2c, the radius R 0 and the angle ϕ in Fig. 3 are given. A higher gain factor is obtained by making the radius R 0 larger. In order to obtain a high spatial resolution, the angle ϕ shall be as large as possible. Thus the focal distance 2c is to be short and φ to be large. However, if φ becomes too large, over 90 degrees in particular, the reflected sound comes from behind the microphone and the sensitivity of the microphone drops off. Thus φ is determined to be 90 degrees. We calculate the diffraction patterns of a point source measured with the paraboloidal apparatus and newly developed device (which we call "ellipsoidal apparatus") for each 1/3-octave band center frequency by using Equation (3), where the distance between the microphone and sound source is 3 m. The calculated gain factors and resolution widths of both apparatus are plotted over the 1/3-octave band center frequency in Fig. 4 .
The gain factor of the ellipsoidal apparatus increases with frequency, by the amount 6 dB per octave, which is due to the ik factor in the integrand in Equation (3). The resolution width becomes narrower almost inversely proportional to the frequency because the resolution width depends on the ratio of the wavelength to the pass difference of the sound wave due to the position on the mirror r r r r r. On the other hand, the gain factor of the paraboloidal apparatus reaches the top at about 4 kHz because the pass difference between the sound reflected on the center of the mirror and that reflected on the edge of the mirror exceeds a half wavelength of the sound at this frequency. For the same reason, the spatial resolution also becomes worse at frequencies above 4 kHz. These results show that the characteristics of the ellipsoidal apparatus are much better than those of the paraboloidal apparatus, which is mainly due to the difference of the mirror area at lower frequencies and the mirror shape at higher frequencies. The characteristics of the acoustic mirror are affected by factors such as the diffraction of sound waves at the shear layer, directivity of the microphone itself and distortion of the apparatus and thus separate from the theory when used in wind tunnel experiments. In order to account for these factors, we confirmed the characteristics of the ellipsoidal apparatus and paraboloidal apparatus experimentally. The test set-up and coordinate system of the experiment are shown in Fig. 5 .
A noise source is installed in the wind tunnel flow to simulate a point source. The diffraction patterns of the source are obtained by moving the apparatus parallel to the flow. Here the noise source has to fulfill the following requirements. We used a speaker noise for frequencies below the 3.15 kHz band and a jet noise for frequencies above the 4 kHz band, both of which were embedded in a smooth shaped supporting structure to reduce the aerodynamic noise originated by the source body itself 3) . These noise sources almost satisfy these conditions at frequencies from 1 kHz to 20 kHz though the condition (b) is not satisfied at lower frequencies and the conditions (a) and (c) are not satisfied at higher frequencies.
Results Results Results Results Results
A typical set of experimental data is shown in Fig. 6 , which shows the diffraction patterns of the noise source measured with the ellipsoidal apparatus at different wind velocities for the 1/3-octave band with the center frequency f = 20 kHz. It is found that the maxima of the diffraction pattern move in the downstream direction with increasing wind velocity. This is due to the convection of the sound waves, which will be referred to minutely in Section 3.3.
The gain factors and resolution widths of the ellipsoidal apparatus plotted over the 1/3-octave band frequencies for different wind velocities are shown in Fig. 7 . For the wind velocity U = 0, the experimental gain factor and resolution width almost agree with the calculated ones. However, both the gain factor and resolution width separate from the calculated ones with increasing the wind velocity, at higher frequencies in particular. This is mainly due to the scattering of sound waves at the shear layer, which is remarkable if the wavelength of the sound wave is smaller than the thickness of shear layer. The results of experiments for the paraboloidal apparatus are shown in Fig. 8 . Both the gain factor and resolution width almost agree with the theory for all wind velocities U and at all frequencies. This is because the characteristics of the paraboloidal apparatus for a point source become worse as the frequency increases even for U = 0, and are not affected much accordingly by the scattering effects at the shear layer. Nevertheless, for all wind velocities U and at all frequencies, the spatial resolution of the ellipsoidal apparatus is much better than that of paraboloidal apparatus, though the difference in experiment becomes smaller than that in theory as the wind velocity U increases. Now we may notice that the experimental gain factor of the ellipsoidal apparatus becomes lower than the calculated one at frequencies above 10 kHz even for U = 0, where there can be no scattering effects at the shear layer. Possible reasons are as follows. (a) The sound waves radiated from the sound source are not perfectly coherent in the angular range 2ϕ, at frequencies above 20 kHz in particular. (b) The incident angle of the reflected sound waves to the microphone axis varies from 0 to 90 degrees. On the other hand, the sensitivity of the microphone is not exactly omni-directive, which drops off as the incident angle increases, at frequencies above 10 kHz in particular. (c) There exist some distortions on the apparatus, such as the roughness and distortion of the mirror surface, errors of the microphone position and so on. The reasons (b) and (c) are not serious in fact because the effects of these factors are included in the capacity of the apparatus. However, the first reason is due to the characteristics of the noise source, and thus may cause The sound waves radiated from a noise source in the wind tunnel flow are shifted in the downstream direction and refracted at the shear layer (see Fig. 9 ). The angles α, β and γ are related with each other by Equations (4) and (5),
where M denotes the mach number of the main flow velocity U 4) . When we measure the sound pressure level with an acoustic mirror facing perpendicular to the flow (γ=90 degees), the displacement ∆ x of the maximum of the diffraction pattern is given by Equation (6).
∆ =
x Mh ……………………………………………… (6) Figure. 10 shows the relation between ∆ x and U ob- When we measure the sound pressure level of the total aerodynamic noise generated by a scaled model with an omni-directional microphone, we have no information about the noise source distribution. On the other hand, the sound pressure level in the corresponding field test can be estimated by using the acoustical similarity law, which is summarized by Equations (7) and (8).
Here f, L ( f ), l, r, U are the values in field tests which denote the frequency, frequency spectrum density level of the sound intensity, scale of the model, distance between the source and measuring point, and flow velocity, respectively. The primed values are those in wind tunnel tests. The parameter n denotes the dependency of the sound power on the flow velocity, which is known to be 6 in most cases concerned with the aeroacoustic phenomena on railway cars. Now we have to notice that Equations (7) and (8) do not hold in terms of U in some cases, where the acoustical resonance phenomena occur, for example. When we estimate the aerodynamic noise level quantitatively on the basis of the data measured with the acoustic mirror, we have to take its characteristics into consideration in addition to applying the similarity law. Now we introduce a noise source model of uncorrelated monopole type point sources in order to account for the diffraction pattern ∆L ( x ) obtained in Chapter 3. We allow a total number of N point sources to be distributed in a predefined noise source area, which is isolated from other noise source areas, and the power level of the i th point source be PWL i ( 1≤ i ≤ N ). When we measure the sound radiated from the area with the acoustic mirror at K measuring points in the source area in total, the measured data L measj ( 1≤ j ≤ K ) are denoted by the summation of the contributions of N point sources and thus calculated by Equations (9) to (12). where R is the distance between the microphone and source surface and r ij is the distance between the j th source and i th measuring point (see Fig. 11 ). The power levels Here L meas is the data measured at the center of the source area and r i is the distance between the measuring point and the i th source. Once the power level is obtained, the sound pressure level at far field measured with omnidirective microphone L far is easily estimated by Equation (14). After these processes, we can apply the similarity law to L far . If the noise source has directivity of a dipole whose axis is perpendicular to the source surface, which is often the case in aeroacoustics, the estimated power level is not correct because the diffraction pattern used in Equations (10) and (13) is that for a non-directive point source. However, if the size of the source area is sufficiently smaller than R, the directivity factor cos 2 θ, where θ denotes the incident angle of sound shown in Figure 11 , nearly equals 1, and thus the errors in Equations (10) and (13) are small enough that the directivity can be considered only in Equation (14). We discussed the principle of the acoustic mirror theoretically and decided an optimized geometry of the mirror for use in the Maibara Wind Tunnel. The newly developed ellipsoidal apparatus is confirmed to have higher spatial resolution than paraboloidal apparatus. We propose the method discussed in this paper for estimating the aerodynamic noise generated by each part of cars quantitatively on the basis of the wind tunnel test data measured with an acoustic mirror by using the diffraction pattern obtained experimentally.
